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Abstract

Models of heat transfer in infiltrated packed beds of large low-heat conducting particles that are used as active
thermal insulation of high-temperatures surfaces of technological equipment have been developed. A criterion of
active thermal insulation involving main geometrical and thermal parameters of the infiltrated packed bed has been
introduced. The effect of packed bed nonisothermicity and gas compressibility on the resistance of active thermal
insulation has been investigated. An approximation dependence of the resistance of the bed on its geometrical,
hydrodynamic, and thermal characteristics has been obtained. Cooling of a cap gas distributer via active insulation
has been studied.
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1. Introduction

Thermal insulation made of low-heat conducting packed material is widely used in practice. Infiltration of thermal
insulation, as in the case of porous highly heat-conducting matrices of heat protecting coatings (Polyaev, Maiorov,
& Vasil'ev, 1988), substantially increases the intensity of heat and mass transfer processes and, thus, the efficiency
of thermal insulation. In a number of industrial objects, e.g., heating furnaces, moderate- and small-power boilers,
the efficiency of such thermal insulation that can be called active increases due to the fact that heated heat carrier
(e.g., air) can be used in a technological process, thus improving its efficiency (heating of air before its supply to
the furnace etc.). In such cases thermal insulation also plays a role of air heater.

2. Main Schemes of Heat Carrier Motion in Active Thermal Insulation

Thermal insulation in the form of an annular packed bed falls well in the arrangement of a cylindrical
high-temperature chamber, e.g., cyclone-bed furnace. Figure 1 presents the main schemes of heat carrier motion,
viz., radial (Figure 1a), longitudinal (Figure 1b), and tangential (Figure 1c).
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Figure 1. Main schemes of heat carrier motion in active thermal insulation: 1) combustion chamber; 2) lining of the
combustion chamber; 3) packed bed; 4) channel of heated air; 5) channel of cold air; 6) tangential nozzles
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3. Heat Transfer Models
3.1 Scheme of Figure la

Problem formulation. Taking into account a relatively small curvature of the furnace surface, in order to describe
the process we use the two-temperature model for a plane bed where radiation heat transfer through the particle
skeleton is disregarded:

dT, d’T, 6(1-e)a

Cpdy—L=ehy— = (1= T)) (M
d’T, 6(1-&)x
0=(1-8)4° 3+ =21, - T) &Y
with the boundary conditions
drT, dr,
x=0, chf(Tf—To)=e/1fd—;+(1—g),L g 3)
(1—5)433 =a,(T.~T,) “)
dT
v=6, Yoo q—oa Lo (o (&)
dx " odx ’

The model parameters a, ao, s A5, and o, are calculated by the relations (Frank-Kamenetskii, 1967; Polezhaev, &
Selivestrov, 2002; Aerov, Todes, & Narinskii, 1979; Teplitskii, & Kovenskii, 2011; Borodulya, & Kovenskii,
1983):
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It should be noted that the second term in the denominator of (6) takes into account the effect of thermal resistance
of a particle on interphase heat transfer (Frank-Kamenetskii, 1967).

To solve the problem posed we use the equation of the total heat balance
0,1} ~1}(8)=C,J,(1,(6)-T,) (a3)

We determine the dimensionless relative temperatures of the phases in terms of the gas temperature at the outlet
from the bed

g LT o _ LT (14)
Cr6)-1," T,(6)-1,

The initial problem (1)—(5) is solved at two stages: the first stage is the determination of relative temperatures 6,(&)
and 6(&); the second stage is the determination of the absolute temperatures of gas 7, and particles 7. In the
dimensionless form the system of equations (1)—(5) for finding 6,(&) and (<) is written with account for (13) as
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de d’e,
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As is seen, the use of the balance relation (13) and determination of dimensionless temperatures in terms of 74 J) in
the form of (14) allows substantial simplification of the form of the boundary condition for particles at the outlet
from the bed. It should be noted that usually in modeling heat-protection elements it is assumed that 4,=0 and
conductive heat transfer is taken into account only in a porous highly heat conducting skeleton (Polyaev, Maiorov,
& Vasil'ev, 1988). In our case, the skeleton thermal conductivity is small and the convective component A, plays
the main role (see (8)).

With due regard for the fact that the Pef, Pe,, and Sty numbers are the functions of Re, Pr, and &/, the Pe, number
is a function of Re, Pr, &/, and A, / A?, relative temperatures of the phases can be presented in the form of the
following relations:

0,(£)= /(& Re, Pr,d]5, .| %)) (20)
21)
Hf[f] ¢ & Re, Pr,g. ,/110

Solutions (15)—(19) for /150 / /1}) =44 that are obtained based on the computer system of mathematical simulation
Maple7 are given in Figure 2. In order to implement the problem formulated in the present work and to determine
relations for calculation of absolute temperatures of the gas and particles at the outlet from the bed we should find
the approximation of the dependence for calculation of relative temperatures of the gas and particles at the outlet
from the bed. With account for slight variation of the Pr number within the temperature range 20—1000°C, the
functional relation (1) has the form

d 4,
6.(1)= f(Re 5 /1°j (22)

The obtained approximation of the function fis

-0.58
A

e[]—1+0 61Re0-75 (23)

~on

(5.0< Re<1200; 2§’1—‘6§15)
As
In order to find the absolute quantities 7y and 7, we use condition (13) whose dimensionless form is as
follows:

(& (1)) +Bo, 6, (1)~ (Bo, +(6,)")=0 (24)

The relation between @/ (1) and 6, (1) is

84



www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 5; 2014
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Figure 2. Distribution of relative temperatures of the phases: @) d =0.01 m; 0=0.1 m; Re=30; b)d=0.001 m; &
=0.02m; Re=5. A'/2] =44.

As follows from (26) the temperature of particles at the outlet from the packed bed is determined by two
dimensionless complexes Bo, /6, (1) and 6, the first of which involves the quantity 6, (1) found earlier. The
results of numerical calculation of (26) are given in Figure 3. The following approximation of the solution of the
problem under consideration is obtained;
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Figure 3. Dimensionless temperature of particles &,(1) as a function of the complex Bo, /6(1) for different values of T,
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Function (27) satisfies obvious physical conditions at J;= 0, e and describes the numerical solution of (26) within
the ranges 1.4< 6, <43 and 1<Bo,/6,(1)<500 with an error not higher than 2%. With account for (25) and
(27) for 67 (1) we have the formula

, 6. -1
g (1)=1+—= , 28
' o) o
where 6, (1) is calculated by (23).
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Figure 4. Distribution of dimensionless temperatures of the phases: &,=0.8; £ =0.6 ) d = 0.01 m; 6=0.1 m;
Re=30; A’/2}=44;b)d =0.001m; 6=0.02m;Re=>5; /1?/)»/0 =44:¢) d=0.01m; 6=0.1m; Re=30;
A'[2] =2300; T, = 1200 K

Figure 4 shows the profiles of temperatures /() and 67 (&) calculated based on the solutions of (15)—(19)
and (26) with account for (25). As is seen, the temperatures 6'(0) and 6;(0), even in the case of highly
heat-conducting material (Figure 4c), slightly differ from unity, which indicates practical equality of 7} to the
temperature of the outer surface of thermal insulation. The same figure shows the profiles of the temperature
0’(&) constructed by the dependence
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M1+o.4s(e;v)'4(Bor)1-16)}

o' (&)=1+| (8)) —1|exp(Pe(£-1)) (29)

(14<6, <4.3; 100< Bo, £4000),

obtained as a result of a similar solution for a one-temperature model (for which 8, (1)=1):

dT _ ;d°T (30)
S s
dT
XZO, C/J/(T—T;))=/1$ (31)
x=8, 29 s -ry=CI (T-T 32
- U E_O'r(w_ )_ i f( - 0)- ( )

As is seen, the temperatures 6/ (&) and 6’(£) are rather close to each other every where except for the outlet
zone. This is explained, on the one hand, by the proximity of the equations for 8/ and &, and, on the other hand,
by the difference of the boundary conditions (5) and (32).

3.2 Schemes of Figures 1b and Ic

Problem formulation. Taking into account a relatively small curvature of the furnace surface, we use, for
description of the steady-state heat transfer in the lining and the packed bed, a simplified model of plane beds and
the corresponding system of equations:

2 2
0=4,[ 2T 19T | o<yis<s, (33)
ox dy
c,.JfaTJ[,LaT}a 27 5 <x<8 +6 (34)
dy ox\ “ax) oyl Ty
with the boundary conditions
v=0, -2 9 g (1. -1)) (35)
ox
a7, 4 4
x=8,, -1 a’”zaw(Tw—T)Jro;(Tw—T) (36)
X
x=6,+5, T =0 (37)
ox
o, _ ar
y=0, 9 =0; C,J,T, =CfJfT—/1y$ (38)
oT, oT
= L, —_—n == O . 39
y > o (39)
The model parameters are (Aerov, Todes, & Narinskii, 1979; Teplitskii, & Kovenskii, 2011)
A =A+0.1C,J,d (40)
A, =4, +05C,J,d (41)
1000 10.0061C,,d) 42)
%, =\l 4

The heat transfer coefficient ¢.. is determined by the standard method of thermal calculations of boilers
(Anonymous, 1998). The quantities A. and o, are presented by (10)—(12).
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Temperature fields in the lining and the packed bed were calculated by Fluent. An example of solution of the
thermal problem for thermal insulation of the boiler with a power of 0.5 MW is shown in Figure 5a. As is seen, the
air filtration through the insulation layer leads to the existence of a rather vast area of low temperatures near its
outer surface. This indicates that an infiltrated packed bed, though being rather thin (0= 0.085 m), exhibits good
thermo-insulating properties.

Figure S5b show similar results obtained from the problem solution without account for the radiation flux in (36).
As is seen, the difference between the results presented in Figure 5a and 5b is not substantial, which is likely
related to the effect of large thermal resistance of the lining layer with J,,= 0.11 m on this flow. The result obtained
formed the basis for more thorough analysis of thermal mechanics of active thermal insulation with the effect of
radiation on it being ignored.
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Figure 5. Temperature distribution over the volume of thermal insulation W= 0.5 MW. §,=0.11 m; §=0.085 m; L
=0.79 m; J;=0.5 kg/(m2 s); To=293 K; T..= 1173 K; 4,,= 1.25 W/(m K); d = 0.02 m: a) with and b) without
account for radiative transfer in the cyclone-bed furnace of the boiler

In order to obtain an analytical solution convenient for analysis, we considered a simplified version of (33)—(39)
where a one-zone problem of heat conduction at large Peclet numbers Pe, =C,J L/ A, 210 is formulated:

0 _ 1 2%0 43)
on  Pe,, 95’
00 .
=0, —¥=Bl(l—9) (44)
00
E=1, —=0 (45)
4
77:0’9_0 (46)
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Solution (43)—(46) is the known solution (Luikov, 1967) of nonstationary problem of plate heating at the boundary
conditions of III kind:

act n=l1 P e act

e[g,PZ,Bi]:l_iAn cos ,un(l—f)exp[— L ] (47)

The expressions for 4, and 4, are given in Luikov (1967).

2
The number pe = % includes the main geometric, hydrodynamic, and thermal parameters of the
ac L

X

infiltrated packed bed. By virtue of this, the Pe,., number may be termed the criterion of active thermal insulation.
Figures 6 and 7 show the temperature distributions over the thickness of thermal insulation at different values of
n/Pe, (different lengths of a packed bed). As is seen, at Bi > 5 the dependence of temperature fields on Bi becomes
weaker. This also refers to the temperatures at the outer boundary of the bed which determine thermo-insulating
properties of the system. The following generalized dependences are obtained for their calculation on the basis of

47):
1.8
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Figure 6. Distribution of the dimensionless temperature over the bed thickness: a, b, ¢) Bi=1, 5, 10
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Figure 7. Distribution of the dimensionless temperature over the bed thickness at small values of 7/Pe,., . Bi =10

We consider another important property of active thermal insulation, i.e., heating of a heat carrier. To calculate it,
we determine, based on (47), the temperature that is mean over the cross section y = const:

(9)( 1 BzJ I(f /. Bszf 1- i,,Z:‘A"scm #”exp(—nyZ} (50)

act 0 ac‘r Osﬂn act

Calculation of the quantities (&) EPL, Bij is given in Figure8. A simple analytical presentation of these results
e

act

is obtained in the form of generalized dependences similar to (48) and (49):
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Figure 8. Distribution of the mean dimensionless temperature of the bed along its length at different values of the
Biot number
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Calculation of Active Thermal Insulation of the Vortex Furnace of the Water Boiler With Power 0.5 MW

The following parameters of thermal insulation are adopted (Figure 1¢):

R;=0.545 m; R,=0.46 m; n =4 (number of nozzles); &,,=0.11 m; A,,= 1.25 W/(m-K) (firebrick); d = 0.02 m; T, =
20°C; T..= 900°C; J,= 0.5 kg/(m*s); L= 7 (R, + Ry)/n = 0.79 m; 6= R, — Ry; A= 0.24 W/(mK) (aggloporite).
For the quantities Bi and Pe,, we obtained: Bi = 0.58; Pe,.,= 3.33. The results of calculation of the temperature

distribution on the outer boundary of thermal insulation 7(J, y) and the mean temperature of heat carrier along the
length of the packed bed (T)(y) by (48) and (51) are listed in Table 1.

Table 1. The temperature distribution in thermal insulation

60, 1T B &) (" ,Bi °
L o (1, ?,Bz) <9>(Pe -B1) \ m 7(5, ), °C (T)(»),°C

act act act
0.1 0.006 0.05 0.26 26 64
0.2 0.023 0.10 0.52 40 109
03 0.047 0.14 0.79 61 143

As is seen, the temperature of the outer side of thermal insulation is low and changes within the range 20-60°C. At
the same time, heating of the heat carrier (air) at the outlet from the bed (at 77 = 1) is substantial and amount to
123°C.

3.3 Thermal Conditions of the Cap Gas Distributer With Active Thermal Insulation

Problem formulation. We study thermal conditions of a cap gas distributer with active thermal insulation in the
fluidized bed furnace (Figure 9a). As is known (Kunii, & Levenspiel, 1976), this type of gas distributers is widely
used in organization of different technological processes in large-scale equipment with fluidized bed. In this case, the
role of active insulation is to cool the upper gas-tight wall of lattice 4 and to cool primary air coming into furnace 1
through caps 3.

Figure 95 shows a typical part of the gas distributer and a qualitative character of air streamlines filtered through a
packed bed. As is seen, the flow patters is rather complex which makes simulation of the process of convective
heat transfer difficult. In this connection, a simplified thermal scheme that takes into account radiative heat transfer
and conductive-convective heat exchange between the gas-tight plate of the gas distributer and the packed bed was
adopted.
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a) b)
Figure 9. a) A cap gas distributer with active thermal insulation in a fluidized bed: 1) fluidized bed; 2) furnace
lining; 3) cap; 4) upper gas-tight plate of the distributer; 5) packed material; 6) lower perforated wall; 7)
subdistributer chamber; 8) discharge branch pipe; 9) air supply; b) part of a gas distributer with air streamlines

91



www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 5; 2014

The main assumptions are as follows:
— aone-dimensional model of heat conduction of the infiltrated packed bed of thermal insulation is considered;

— the difference between the temperatures of the packed bed phases is neglected which is justifiable at rather
high air velocities;

— the effect of the bending of air streamlines near the gas-tight wall of the gas distributer (Figure 9b) is taken
into account proceeding from the formulation of the regularities of conductive-convective heat transfer in this
region based on the wall coefficient of heat transfer aw that is introduced under the conditions of heat carrier
motion along the heat transfer surface (Teplitskii, & Kovenskii, 2011; Dekhtyar, Sikovskii, Gorin, & Mukhin,
2002) (Equation (42)).

The system of equation that describes air heating in filtration through the packed bed of thermal insulation with a
thickness dhas the form

dr _,d’T
CJ,—=A—, 53
s dx de ( )
dT
x=0,CfJ/.T—/1d—=CfJfTO, (54)
X
=8, 2 <o (1 =)+, (1, -T). (55)
dx
The parameters of model (53)—(55) are found in (Aerov, Todes, & Narinskii, 1979; Teplitskii, & Kovenskii, 2011):
A=4+05C,J,d, (56)
A} =0.000217."% . (57)

The characteristic temperature 7, involved in (57) was taken equal to (7(d)+7p)/2, when A, is determined by (10),
andto T, =7, when ¢,is determined by (42).

We write Equations (53)—(55) in the dimensionless form:

do’_ 1 d60" (58)
dé  Pe d&’
_ 148
f_o,e_Pedf, (59)
£=1, f{‘z =sk((6,)' - (¢)')+Bi, (6, -9, (60)

A specific character of this formulation is that the temperature T, involved in the boundary condition (55) or (60)
at x = Jis the unknown quantity (only the fluidized bed temperature T, is known a priori, Figure 9b). By virtue of
this, in order to calculate the thermal state of a gas distributer with a bed of active thermal insulation one should use
the method of successive approximations.

Solution (58)—(60) has the form

&'(&)=1+Ce™, (61)
where the coefficient C is determined from the solution of the fourth-power equation which follows from (61):
CPe " = Sk((67)' - (1+Ce™)')+ Bi, (8 - (1+ Ce™)). (62)

Since the temperature of the air discharging from the packed bed 7(0) that specifies heating of the air injected into
the furnace is the main quantity to be determined, it is more convenient to write (62) in an equivalent form:

o' (&)=1+(6'(1)-1)™ . (63)

The quantity 7(9d) can be found independently from the balance equation that determines the density of the heat
flux through the gas distributer ¢:

4=C.J,(T(8)-T,) =0, (1) ~T*(5))+a,(T.~T(5)) (64)
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The dimensionless form of (64) is

6'(1)-1= BLQ((Q;)“ ()" (1)) +5t, (6, -6(1)). (65)

Calculation of 6"(1) by (65) is given in Figure 10 for the specified values of 49;= 2, 3, and 4. We took into
account that the Bo and S#, numbers are not independent and both are determined by the air mass flow rate J;

#(1)

20+
23t

20+

10 Bo,
0 1000 2000 2000

Figure 10. Dimensionless outlet air temperature 6/(1) as a function of the reduced Boltzmann number

(calculated by Equation (65))

As is seen, at elevated values of Bo, (elevated air flow rates J;) 7(9) begins to change rather weakly. This is, likely,
the consequence of the existence of two tendencies. On the one hand, as J; increases, the air passes through a
packed bed quicker and thus is less heated. On the other hand, as 7() decreases, the heat flux from the fluidized
bed ¢ (the right-hand side of (65)) increases, thus leading to an increase in 7(0).

In order to calculate the acting temperature mode of the system ‘active thermal insulation-upper gas-tight wall of
the lattice’ at the given temperature of the fluidized bed 7}, we used the method of successive approximations. First
we write the expression for 7}, on the basis of the equation for the heat-flux density with account for (65)

Tb=Tw+c,.Jf(T(5)—TO)(i+5—";J. (66)
‘ ab ﬂ'm
The temperature 7, (Figure 9b) is determined by a similar formula

I =T +C, (T(8)-T,) % (©7)

The coefficient of heat exchange between the fluidized bed and the gas-tight surface of the lattice ¢ is, as is known
(Kunii, & Levenspiel, 1976; Baskakov, Matsnev, & Raspopov, 1996), a rather complex function of a large
number of parameters of the fluidized bed itself and of the heat transfer surface. But, as is shown in (Baskakov,
Matsnev, & Raspopov, 1996), on operation of furnaces under the conditions of developed fluidization of large
particles (d, = 1-3 mm) at 7}, = 850°C with an error not higher than 10% it is assumed to take ¢, constant and equal
to 250 W/(m’K).

The schematic diagram of the calculation of temperatures 7(6), T, and T, is given in Figure 11.
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Calculation of the fluidized bed temperature [Eq. (66)]

}

| Ty - (To)il/To <0.01
Yes [ ' No

End of calculation (TW)in=(Ty)i- 0.1

Figure 11. Schematic diagram of the calculation of temperatures 7(J), T,, and T,

Figure 12 presents the results of the calculation of 7(d) and T,, depending on the value of the air mass flow rate. As
is seen, using of acting thermal insulation allows rather effective cooling of the upper gas-tight plate of the lattice
(T,— T,) = 200-450°C. It should be noted that the temperature difference along the plate 7., — 7T, , determined by
Equation (67), does not exceed several dozens of degrees. Heating of air discharging from the packed bed greatly
depends on the value of Jr and amounts to 30-300°C. In Figure 13, the profile of temperatures in the insulation
which is built by Equation (63) for different values of J; is shown. As is seen, the bed temperature begins to

increase substantially at £>0.7.

3.0
2.5

20

Figure 12. The air outlet temperature 6"(1) as a function of the mass flow rate of air 491: =3.74, Jf,[kg/(mzs)], d, m
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08 1 1 1 1 g
0.0 0.2 0.4 0.6 0.8

Figure 13. Temperature profile in the active thermal insulation d = 0.01 m; =0.1 m; 0,:: 3.74, Jg[ kg/(m’c)]

4. Thermal Mechanics of Active Thermal Insulation
4.1 Schemes of Figures la and 9

The resistance of the infiltrated nonisothermal packed bed is calculated based on the solution of the Navier-Stokes
equation for the heat carrier rate /' (Goldshtik, 1984):

dv d
prE:_d_Z_ﬂpr' (68)

The coefficient £in the expression for the resistance force is taken in the form
1-¢)’ -
potsol=8) A Ly osloen (69)

82 d2 p/ 2 d H

which in the isothermal case corresponds to the Ergun formula (Ergun, 1952).

Representing the resistance force in the form of the Ergun formula, the dependence of the dynamic viscosity of
heat carrier and its density on temperature and pressure in the form » =y (¢)"" (Teplitskii, & Kovenskii,
2011), p, = p,,p’/€’, from (68) we have

l— 2 0, 1.75 _
150U=E) () ) 51-ey
£ Re, £

(70)

Ao EEud(p) &
dé 2 df d

Integrating (70) with respect to £ going from 0 to 1, we obtain the formula for calculation of the bed resistance:

Ap 2 |+ 280 15028y vgst, || -1 (71)
putm £ d Re()

1 1 . , . . .
where I,=60)-1;1, = J‘ ©(&) 7 d&; 1, = I 0'(&)dé The function 6’(¢) is determined in (29).
0 0
As follows from (71), it allows for gas compressibility and bed nonisothermicity. We consider particular case of

(71):
a) An isothermal bed (/, = 0; I; = I, = 1): Equation (71) takes the form

A 2(1- —
Py _ 2028 0 s0le y g5) (72)
Do &Fku d Re,

0

b) Large values of Fu and small thicknesses of the bed J; Equation (72) is
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ApE: -£ 5(150

€175 | (73)
putm 8 EM d

€
It is evident that (73) is the dimensionless presentation of the classical Ergun formula (Ergun, 1952):

Ap

2 2
—& u 1-— u
3) Anlt 75128 Pt
£ d £ d
which, probably, does not takes into account the gas compressibility.

4.3 Schemes of Figures 1b and Ic

In this case, dependence (71) can also be applied if Jis replaced by L, but the functions Iy, /;, and I, are determined
by the formulas

£ =150(1 (74)

1= foten - Toae

(75)

1.75
[6’ En) L.-T, +1] dédn;
0

o

where the function 8 (£,77) is defined in (47).

ol
nel]

Figure 14 presents the characteristic dependences _4p_ (Pe,,) that are built by (47), (71), (72), and (75) and show
ap,

the influence of temperature on the packed bed resistance. The results of calculations are generalized in the form of
the approximation formula

0.93
A T -T
P _1+035pe, (”—0] Bi*, (76)
APTO 0
which is verified within the following ranges: (1 <Pe, <10,02<Bi<5.0;1< L—T, < 5) . The root-mean error is
0
10%.
oy v
A Ty I
E \\‘ W
4 \\
\\ “\\
|
[ E— - :’
S — — e,
a) b)

Figure 14. Influence of temperature on the packed bed resistance: a) Bi =0.2; b) Bi = 1.0
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5. Conclusions

The processes of heat transfer in packed beds of large low-heat conducting particles used as active thermal
insulation in different schemes of heat carrier motion have been studied. The criterion of active thermal insulation
involving main geometric and thermal parameters of the packed bed is introduced. The effect of bed
nonisothermicity and heat carrier compressibility on the thermal mechanics of the infiltrated packed bed is found.
The approximation dependence of the resistance of the bed on its geometric, hydrodynamic, and thermophysical
characteristics is obtained. Thermal conditions of the cap gas distributer with active thermal insulation are
investigated by the method of successive approximations.
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Nomenclature
Bi,=a,0/A; Bi=ko/A, Biot numbers

Bo,=C,J, / (O-r T} ) reduced Boltzmann number

G heat capacity of heat carrier [J/(kg K)]

d diameter of thermal insulation particles [m]

d, diameter of fluidized bed particles [m]
Eu=p,, / (p ‘0 uz) Euler number

Jr mass flow rate of heat carrier [kg/(m? s)]
k= / [1 + O + 1) heat transfer coefficient [W/(m® K)]

o A a packed bed length [m]

P pressure [Pa]

Dam atmospheric pressure [Pa]

P'=P Ipam

Ap pressure difference [Pa]
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Pe=C,J 6/A Peclet number

Pe,, =C,J /.52 /(L,lx) criterion of active thermal insulation

Pe,=C,J,5/(eA,), Pe,=C,J,8/(1-€)A,), Pe,=C,J,d/(6e(l~¢)5) Peclet numbers

Pr=Cut; | %, Prandt] number

R, R, outer and inner radii of the bed [m]

Re=C,J, / M. Rey=C,J, / ,u“; Reynolds number

Sk=0,T;6/2 Stark number

St,=«a, / (C s ), St, = ¢, / (C ,‘J/) Stanton numbers

T temperature [K]

Ty inlet temperature of heat carrier [K]

T, fluidized bed temperature [K]

Ty temperature of lining [K]

T, Ty temperature of particles and heat carrier [K]

T, temperature of the outer surface of the furnace [K]

T, temperature of the gas-tight surface of the gas distributer directed to the
fluidized bed [K]

T. mean temperature in the furnace [K]

u superficial velocity [m/s]

V=ule

X,y transverse and longitudinal coordinates [m]

Greek symbols

o coefficient of interphase heat transfer [W/(m® K)]

o heat transfer coefficient of the skeleton of particles [W/(m* K)]

o, wall coefficient of heat transfer [W/(m” K)]

o, coefficient of heat exchange between fuel gases and the wall of lining
[W/(m® K)]

0 packed bed thickness [m]

O lining thickness [m]

5 thickness of the gas-tight plate [m]

£ porosity

& emissivity of the particle material

& emissivity of the furnace surface

& packed bed emissivity

A coefficient of effective longitudinal thermal conductivity of the bed
[W/(m K)]

A coefficient of effective thermal conductivity of the heat carrier [W/(m
K)]

/1(; coefficient of molecular thermal conductivity of the heat carrier [W/(m
K)]

A coefficient of effective thermal conductivity of the particle skeleton
[W/(m K)]

/12 coefficient of thermal conductivity of the particle material [W/(m K)]

Qs 2oys A5 A, thermal conductivities [W/(m K)]
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E=x/6;

Pr

Py
6=(T-1,)/(T.-T,)

o' =TT,

6,=T,/T,
3;'=Tf/To
es,sz/To

‘9/' _(Tf _To)/(T/(é‘)_To)
0,=(1,-1,)/(1,(6)-T,)
6, =T,/T,

gz(Tm _To)/To

n=yL

Op

Indices
0
act

atm

3

=

=

<

Copyrights

heat carrier density [kg/m’]

heat carrier density at atmospheric pressure and temperature T, [kg/m’]

Stefan-Boltzmann constant [W/(m” K*)]

at the inlet

active

atmospheric

heat carrier

lining

reduced

particles

wall; furnace surface
transverse

longitudinal.

Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/3.0/).

99




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


